where z and are the actual vertical leg position and velocity, z p and are the desired vertical position and velocity and g 1 , g F are gains, respectively. In (Golubev et al., 1979; Devjanin et al., 1982; Gorinevsky & Shneider, 1987 ), a some-what different law is used so that an external force acting on the legs of the robot "Masha" will cause a displacement of the end-effector. Fig. 1 .1 shows the interaction of the positional and force elements of the control system for a leg of the walking robot "Katharina". In order to understand the behavior of a system with force feedback, assume that the servo systems track the commanded coordinates to the leg tips with high accuracy.
Write the radius vector of the i-leg in the body's fixed coordinate system as = + where is the commanded position calculated by the leg motion control algorithms and is the force correction. The force feedback transmits the leg position to the positional servo system. The leg position differs from as:
( 1.4) where Λ (i) is the symmetric positive definite feedback gain matrix and and are actual and commanded force vectors, respectively. If the force acting on the leg differs from the commanded value, it causes additional leg displacement proportional to the difference. Such system behavior is similar to that of an elastic spring with a compliance of Λ (i) Active compliance can be controlled by varying the elements of the matrix Λ (i) . The active compliance method is widely used to control the motion of walking robots' legs and bodies (Klein & Briggs, 1980; Devjanin et al., 1982; Gorinevsky & Shneider, 1990; Alexandre et al., 1998) . For instance, the active compliance of a leg for the walking robots "Masha" and "Katharina" was in a range of 0.01cm/N to 0.03 cm/N. Active accommodation or generalized damping control (Whitney,1977; Mason & Salisbury, 1985; Schmucker et al., 1997) . The desired end-effector behavior is also often specified as damper behavior in the form www.intechopen.com ( 1.5) where is an end-effector velocity, v d is a reference velocity, F d is a reference force, and g is a damping factor. It follows that an externally applied constant force acting on the endeffector will generate a steady state motion with a velocity proportional to the force. The theoretical analysis of this method and experiments has been treated many times over including in (Gorinevsky et al., 1997) . The active accommodation method based on information on the main force and torque vectors acting on the vehicle body has been used for plane-parallel displacements and orientation changes of the body with resting support feet. Let the commanded vectors of linear and angular body velocities depend uniquely (for example, linearly) on the external force and torque as in
( 1.6) where are the measured and commanded values of linear and angular body velocities, respectively, and G f , G are the matrices of accommodation. If a body's commanded vector velocities ( ) depend on the external force or torque, then a vehicle body will be displaced or turned corresponding to the "accommodation". Figures 1.2a -1.2c show the plane-parallel displacements of the body of the robot "Katharina" due to an external force. The dynamometer imposed the force parallel to the Cartesian coordinates related to the body. The displacement of the body was a response to the external reaction. Impedance control. The relation between the external force and manipulator motion can generally be specified as a desired impedance of the manipulator (Hogan, 1985; Kazerooni et al., 1986; De Schutter & Brussel, 1988; Tzafestas et al., 1995; Palis et al., 2001) . The impedance can be defined as a transfer function between the external force acting on the manipulator and its displacement. The specified impedance can be achieved by different means using implicit or explicit force control. Hybrid position/force control (Raibert& Craig, 1981; Salisbury & Craig, 1982; Sinha & Goldenberg, 1993) . Some degrees of freedom of the end-effector are position controlled and others are force controlled. This method is based on the concept of a selection matrix, which is a diagonal 6x6 matrix with zeros and ones on the diagonal. Artificial Neural Networks (ANN) These networks include a large variety of control methods (Haykin, 1994) . The "Cerebeller modeled articulation controller" is one example of an ANN that has been used for the hybrid position/force control of a quadruped (Frik, 1996; Lin & Song, 1997; Cruse et al., 1998) . Force control in theory and practice involves a number of different force control methods, surveys of which can be found, for example, e.g., in (De Schutter, 1986; Gorinevsky et al., 1997; Sciavicco & Siciliano, 2000; Surdilovic & Vukobratovic, 2001 ).
Force control for step adaptation
Moving a vehicle over structured terrain requires adapting each leg to different ground clearance. The step cycle must be modified in order to obtain the correct ground contact. Foot force information is used to obtain the ground contact information. While there is contact with the ground, the foot force increases as a function of the ground properties: quickly for solid ground, slowly for soft ground. The ground contact phase ends when the desired foot force distribution is attained. Together with active compliance, this produces an adaptable step. Analyzing the foot force dependent on foot position enables measuring information about soil softness. This is needed to adjust the step cycle in the transfer phase for sufficient foot clearance. A similar algorithm is used for obstacle detection and navigation. During the transfer phase, the touch detection algorithm is activated in the direction of transfer. An obstacle is detected if the foot force reaches a predefined value. At this moment, the foot should be stopped (Devjanin et al., 1983) . When obstacle detection is combined with active compliance, the foot begins to stop as the acting force increases and before the force level for obstacle detection is reached. In this case, a hard impact against an obstacle is prevented.
Use of the active compliance method for force component distribution of legs
The coordinate system OX 1 X 2 X 3 ( Fig. 1.3 is equal (1.4), and . Vector can be considered a position correction of the commanded position of i-th leg tip, is the matrix of the mechanical compliance of the leg. Value denotes a commanded position input to; the servo system. It follows from (1.5) and (1.8), that when a measured force reaction coincides with a commanded force reaction the leg tip position is equal to the commanded value . Since the leg joints of the experimental walking vehicles ("Masha" and "Katharina") are equipped with joint angle potentiometers, the commanded trajectories notated as Cartesian coordinates have to be transformed into commanded joint angles . Both and the expression (1.8) can be written as:
( 1.9) Where is the Jacobean from the joint angles to the Cartesian coordinates of the leg tip and is the three-component vector of measured joint angle values. In this case, the velocity feedback is not effective because the drives have high damping due to their high reduction. Consequently, in (1.9), and the expression (1.9) for voltage can be written as
( 1.10) where is the feedback gain matrix of the position. The coordinate system OX 1 X 2 X 3 , rigidly connected with the body of the robot and a world coordinate system OX 01 X 02 X 03 are used to evaluate algorithms for the control of foot reaction forces. The desired motion of the body can be described by a radius vector describing the desired position of the body's center (point0), and a matrix consisting of the directional cosines between OX 1 X 2 X 3 and OX 01 X 02 X 03 . Assuming no slippage occurs between ground and feet, the programmed positions of the ends of supporting legs have to be specified according to (1.11) where is the radius vector of i-th foot contact point in the system OX 01 X 02 X 03 . Let the movement of the robot be controlled according to the formulas (1.5), (1.8) and (1.9), i.e. the feet have an artificial compliance. The robot's actual movement will then be somewhat different than programmed. This means the radius vector of the end points of the feet differs from and (1.11) can be replaced by (1.8):
( 1.12) where is the radius vector of the actual position of central point0; is the actual matrix of directional cosines between OX 1 X 2 X 3 and OX 01 X 02 X 03 . If the deviation between programmed and actual paths is small, then, according to (1.11) and (1.12), the following equation holds for the supporting legs with an accuracy up to second order terms:
Here, is the radius vector, characterizing a small linear deviation of point 0 from the programmed value, is the vector of small angular deviation of body orientation, is the radius vector of foot deflection due to elastic deformations, is the radius vector of the error affected by the control system and is the correction value for the foot deflection added to the programmed value calculated from the force feedback according to (1.5).
Vectors
are given in the coordinate system OX 1 X 2 X 3 . Supporting forces in the i-th leg and their elastic deformations are connected by where is a positive definite matrix of the leg's mechanical stiffness. The following assumes that the foot deflection resulting from artificial compliance is much larger than the deflections . Neglecting their influence, the force distribution equation (1.13) can be written as:
(1.14)
Assuming the walking robot moves slowly, the influence of dynamic factors on the force distribution may be neglected too. The static equilibrium conditions are added to equation (1.5):
( 1.15) where is gravitational force and is the general torque resulting from the gravitational force in a body's fixed coordinate frame. Conditions (1.5), (1.14), (1.15) yield a closed system of equations to determine . programmed reaction forces , which can be provided as an input to the system, uniquely define the support forces and the deviation of the body from the nominal position. According to (1.5), (1.14) and (1.15), the robot's actual movement coincides with the programmed movement ( ) if the programmed reaction forces meet the static equilibrium conditions. In this case, the actual reaction forces are identical to the programmed values .
Distribution of vertical force components
First, we shall consider a situation in which the robot moves forward with a three point gait with a step length of about 10 cm over an even solid surface. There is no force control of distribution. The vertical force components of support reactions in the legs are plotted in Fig.1 .4. Since the system is statically indeterminate with respect to the forces acting on the legs (more than three legs can be on a support) and the control system lacks force feedback, support reactions change randomly. This can lead to significant mechanical loading on separate legs. The force distribution control essentially improves the robot's pattern of locomotion and increases its stability of motion. Force distribution can be determined by several methods within the framework of static indeterminacy. The situations in which the walking robot moves relatively slowly have been considered and therefore the influence of dynamic factors on force distribution may be disregarded. Assuming the support surface is slightly uneven and the vehicle body is in the horizontal position, then the commanded horizontal force components are zero. The commanded vertical force components were computed from the body's orientation relative to the gravity vector and from the leg configuration. 
www.intechopen.com
Let the horizontal force components be zero. Then the vertical force components must satisfy the static equilibrium equations:
( 1.16) where P is the vehicle weight, are coordinates of the i-th leg tip and X, Y are coordinates of the vehicle center of mass. Summation in equations (1.16) is performed over set of I the supporting legs. Forces in n supporting legs should satisfy the three equations in (1.16). If n > 3, then there is more than one unique solution. There are different ways to eliminate the indeterminacy. Assume the vertical force components are required to satisfy (1.17) The purpose of this condition is energy optimization (Klein & Wahavisan, 1984) . The exact condition of energy optimization is more complex and has been considered in (McGhee et al., 1980; Okhotsimsky & Golubev, 1984) . (Gorinevsky & Shneider,1990) . The solution of equation (1.16) under condition (1.17) can be obtained by LaGrange multiplier method (Gantmacher, 1960) . Experimental results have been obtained for the locomotion of the multi-legged robot "Masha" over an even, solid surface with tripod gait motion. The experimental results of the control of vertical force distribution in robot locomotion are plotted in Fig. 1 .5. During the joint support phase, one set of legs is loaded and another is unloaded. Loads are redistributed smoothly, without jumps, as opposed to a situation in which forces are not controlled. More detailed results are presented in (Gorinevsky & Shneider, 1990 
Constrained motion control
The robot's body and the work tools attached to it can be used to perform manipulation tasks. In such cases, it is necessary to control the force reactions and position or velocity of tool motions along constraints. Required motions can be achieved, for instance, by adjusting the matrix elements of a force feedback control law depending on programmed or actual movements. Many service and process operations may be considered motions with a mechanical constraint imposed on the manipulated objects. Control algorithms for manipulator systems with motion along constraints are discussed in numerous studies (Mason & Salisbury, 1985; De Schutter & Brussel, 1988; Gorinevsky et al., 1997; Lensky et al., 1986) . Similar situations arise out of the motion control of legged platforms as manipulation robots. Such operations should be performed by control of contact forces. Hence, it is necessary to have a force system which measures the vectors of main force and torque acting on the robot (see section 7.1). The generalized approach to synthesizing manipulator system motion along an object contour as a superposition of two basic motions at the normal and tangent to the contour is described (Gorinevsky et al., 1997) . A force sensor controls end-effector motion in the directions normal to the constrain. A motion "along the constraint", i.e. tangential to the constraint, is under positional control. The basic motion motion is maintaining contact with an object. Accordingly, the "desired" velocity vector of a tool or manufacturing equipment is as a sum of two terms:
(1.18)
The first term in (1.18) is a vector directed towards the object if and from the object if
The second component i n t h e e x p r e s s i o n ( 1 . 1 8 ) i s t h e programmed velocity tangential to the surface of the object (e.g. stick, tool). is the programmed value of the normal component of the force with which, for example, a tool presses against the surface of an object, F n is the normal force vector, component and are the normal and tangential unit vectors, λ > 0 is a constant feedback gain and is a commanded value of the tool velocity tangential to the surface of the object. If the friction between the tool and the surface is absent or there is Coulomb friction, the vectors and can be determined from a force sensor.
For many service operations such as assembly, moving tools along a surface, opening hatches, rotating various handles, etc., it is expedient to use the law of (1.18). In other cases when there is no movement along the constraint, e.g. drilling operations, it is possible to assume If the constraint is not known exactly, the motion of the body with the manipulator can be extended in all directions. In this case, the body's compliance motion can be implemented with active compliance or damping controls. Relationship (1.18) represents a nonlinear method of control. Although is calculated using linear force feedback, the control law (1.18) also involves the product These force control approaches have been used in problems of locomotion, to maneuver walking robots and for various service operations (Schmucker et al., 1997; Schneider & Schmucker, 2000) .
Locomotion over soft soil and soil consolidation
A ground deformation under the supporting leg leads to a modification of robot motion. Vertical sinking of supporting feet into a soft soil necessitates maintaining the correct position of the body (angular and vertical velocities) relative to the bearing surface during every step. A shear deformation of the ground leads to reduced vehicle velocity in absolute space (Bekker, 1969; Okhotimsky et al.,1985; Wong, 1993; Gaurin, 1994) .Thus, it is necessary to work out the method and algorithms for locomotion over soft soil and stabilization of the vehicle body.
Determination of mechanical properties of soil by means of legs
In an investigation of ground passability, the resistance to compressive and shear forces can be used to measure ground bearing capabilities. One of the most widely used ground bearing capability measurement devices is the bevameter (Bekker, 1969; Wong, 1993; Kemurdjian & et. al., 1993; Manko, 1992) . A bevameter consists of a penetration plate and drive to implement various dependencies between the penetration plate's sinking and lateral shift and also to record the compressive load and shear. To obtain a more accurate picture of ground bearing while a vehicle is moving, the dimensions and form of the penetration plate should correspond to its support surface. The walking vehicle leg equipped with a foot force sensor and a joint angle potentiometer constitutes an ideal bevameter. The laboratory robot "Masha" was used to study soil properties (Gorinevsky & Shneider, 1990; Schneider & Schmucker, 2001) . The "load-sinkage" curves for different soils and some artificial materials were obtained experimentally In the experiments, all legs but one stayed on the rigid support; the remaining leg was placed on the soil for analysis (Fig.2.1) . The load on this leg was repeatedly changed from zero to a maximum value (about 100 N) and vice versa. Joint angle sensors determined leg sinkage and force sensors measured the load. The maximum load on the leg was 120 with a foot area of 30cm 2 , equal to a specific pressure of 40 kPa. Some of the experimental "load-sinkage" relations of different soil types are shown in Fig.2 .2a,b. As Fig. 2 .2b and the literature make clear, sinkage in natural soils is irreversible. "Load-sinkage" relations for artificial materials are virtually unique and linear.
Basic approaches to locomotion over soft soil
The easiest way for a robot to walk over soft soil is to fix its locomotion cycles. The inhomogeneity of the soil's mechanical properties and the unevenness of the surface may disturb vehicle motion considerably. A more complicated approach is a locomotion cycle with an adaptation zone (Gurfinkel et al., 1981) . In order for a leg to strike the supporting surface in the adaptation zone, body position must be stabilized in relation to the support surface (roll, pitch and clearance), compensating for leg sinkage. To obtain smooth motion, the motion of each leg has to be corrected individually based on its sinkage. Another demand on control algorithms is leg sinkage control in the joint support phase. If one of the support legs destroys the soil under it and sinks into the soil beyond the permissible level, the vehicle must be stopped and the sunken leg unloaded. A body's movements during vehicle motion over a non-rigid surface need to be stabilized in relation to the supporting surface. A variety of approaches can accomplish this. The first approach is to control body movement along the normal to the surface. To do this, the position of the body in relation to the supporting surface (pitch, roll, clearance) must be known. In this case, the supporting legs are controlled in the same way as on a rigid surface, i.e. the supporting polygon remains stiff.
However, most motion disturbance occurs within relatively short time periods when the set of supporting legs is changing. Therefore, to stabilize body movement, it is better to correct the programmed displacements of legs in relation to the body, corresponding to the setting of the legs into the soil. This is the second approach to stabilizing body movement during vehicle motion over soft soil.
Motion control algorithms
The sinkage of a leg into the soil depends on the load put on that leg. Accordingly, three methods to control leg sinkage suggest themselves. The first method uses force feedback to control foot force reactions as shown in (Schneider, 1999) . In this case, the stabilization of body movement requires allowing for a leg's sinkage into the soil when motion is generated. If the "load-sinkage" characteristics for each leg are known a priori, the sinkage can be computed from the programmed load on the leg. With this approach, the angular and the linear positions are corrected continuously during the motion.
The second method also assumes a priori knowledge of the "load-sinkage" characteristics for each leg. In this case, there is no force feedback and each leg's sinkage into the soil is controlled instead. To program sinkage, the corresponding force reactions must satisfy the static equilibrium equations. The third and most complicated approach is to control bearing reactions and leg sinkage simultaneously. In this case, programmed leg motion is corrected for current leg sinkage into the soil. Although the mechanical properties of soil are not assumed to be known a priori in this case, the magnitude of sinkage into the soil must be known for each leg. When soil is loaded, both reversible and irreversible deformations generally occur. To work out algorithms, let us assume that the relation of the sinkage to the applied load is the same for each point of the bearing area. Based on such an assumption, only the first two control methods, i.e. either control of bearing reactions or leg sinkage into the soil, have been worked out. Only two simplified types of soil shall be considered. For the first type of soil, all deformations are reversible and sinkage depends uniquely on load. Such an "elastic" surface might be found in a peat bog, for instance, where a layer of peat covers water. Although such situations are not widespread in nature, the problem of locomotion over elastic soil is of interest in and of itself. The second type of soil has completely irreversible deformations. Most natural soils approximate this model. Such soil behaves as an absolutely rigid support if the load on the foot becomes less than a maximum value already achieved. The properties of naturally consolidating soils may differ considerably, even for adjacent points of terrain (Gorinevsky & Shneider, 1990) . Thus, the algorithm for motion control on such surfaces is based on the third method, which does not assume the soil characteristics are known a priori.
Locomotion on linear elastic soil
This algorithm is based on the assumption that the soil properties are known a priori. Then, the motion of each supporting leg is corrected for its sinkage computed from the programmed foot force
where the programmed foot-force is calculated using the force distribution algorithm of locomotion over a rigid surface.
Locomotion on consolidating ground
Let us assume that the mechanical properties of soil are not known a priori. Then the motion of each leg should be corrected for its sinkage. This cannot be computed beforehand. Rather, it can only be measured. The algorithm is based on the assumption that soil deformation is completely irreversible. The leg may be considered to be on the rigid surface if the load on the leg is less than a maximum value already achieved. The absolute displacement of the body may then be determined from these leg positions. Angular and linear displacements of the body must be known to determine leg sinkage into the soil. Let be the radius vector of the i-th leg in the body's fixed coordinate system, be the vector of displacements of the body's center in a world coordinate system and vector, be small deviations of the roll and pitch of the body from its initial horizontal position and ∆H be a change in clearance resulting from leg sinkage. Let denote the foot displacement of the i-th leg in the body's-fixed, and in the world coordinate systems, respectively. Then the following ensues Let us assume that n (n ≥ 3) legs are on absolutely rigid soil. For these legs, and equation (2.3) may be used to determine the angular displacements ( , θ) and linear displacements ∆H of the body. For a small vertical displacement of the leg after contact with soil, the foot displacement in the world (2.4)
As the load on the legs is redistributed, the sinkage of the legs standing on soft soil will increase. Using information from the position sensors, the sinkage of each of these legs can be determined with equation (2.4). The angular ( , θ) and linear (∆H) displacements of the body can be determined by applying the LaGrange multiplier method.
Locomotion over consolidating ground with intermediate loading
The sinkage control algorithm for moving on a non-rigid irreversibly deforming bearing surface (see section 6.3) has a number of disadvantages. In the transport phase, when the sinkage of supporting legs is not controlled, the displacement of the vehicle's center of mass may cause the load on the legs to increase. This may cause the legs to impact the soil uncontrollably and even the vehicle body to "land" on the soil or stability to be lost if some of the legs sink too deeply into the soil. To circumvent this drawback, a walking algorithm with intermediate soil loading was developed. During the joint support phase, each leg is loaded intermediately to make contact with soil up to a maximum achievable load. In this case, leg sinkage may exceed the permissible value only in the joint support phase when the body position is controlled by the remaining legs standing on the consolidated soil. After such loading, the soil under these legs may be considered fully consolidated. For the algorithm to function successfully, provision must be made for redistributing the vertical support reaction components among the supporting legs in such a way that the maximum load would be on a leg planted on the surface. Several solutions to the problems of vertical foot force redistribution are known, e.g. (Okhotsimsky & Golubev,1984; Waldron, 1986; Kumar & Waldron, 1990 ) but the problem of load maximization for a given leg has obviously not been taken into account. The distribution of vertical reactions by three supporting legs is unique and can be calculated, for instance, with (Gorinevsky & Shneider, 1990) legs is given. A newly planted leg is loaded as follows. The supporting triples corresponding to a maximum loading of each newly planted leg are determined at the beginning of the full support phase. The support phase is divided into equal time intervals, where is the number of newly planted legs. During the first intervals, the forces are smoothly redistributed to load each of the newly planted legs. In the last interval, the legs to be transferred are unloaded. The algorithm for walking robot motion over a soft surface with soil consolidation has been tested ( Fig. 2.4) . The vehicle moved with a diagonal gallop gait. Since two legs are placed on the soil at a time, the full support phase is divided into two parts: consolidation of soil under each of the two legs and transition to the final state (i.e. unloading the legs to be transferred). It can be seen that the qualitiy of tracking of the commanded forces and the stabilization of the body's motion has been improved.
Force control of body motion for service operations

Definition of the force-moment vector by means of support reactions
Synthesis of a control requires calculating the main vector of the force-moment arising from the process equipment's contact with an external object. The force-moment vector may be defined in two ways. A force sensor is placed between the robot body and the process equipment or the information from the force sensors in the robot legs is used. We shall consider the first method of calculating a force-moment vector. Let the external force at the point O (Fig.3.1 ) be applied to the body of the legged robot standing on a rigid surface. The following orthogonal coordinate systems are introduced: the coordinate systems fixed to the surface ( ), fixed to the body (OX 1 X 2 X 3 ) and fixed to the attachment point of the legs Assuming the displacement of the body due to flexible deformation of the force sensors is insignificant, the influence of dynamic factors can be disregarded. Therefore, the quasi-static equations are applied to calculate and . In this case, the condition for the robot's equilibrium is that all actual external forces and torques equal zero:
where is the vector of support reactions measured with the aid of force sensors mounted in the legs, is the vehicle weight, is the external force vector acting on the body (or on the tool mounted on the body) and is the moment of external forces. For the majority of operations performable by a manipulation robot or an adaptive legged platform, the geometric parameters of body and tools and the coordinate of the point of force application are assumed to be known. If the point of force application is known beforehand, the active external components of force and torque can be defined. The equation (3.1) can be used to define three components F x , F y , F z of force vector . Accordingly, the directional cosines of vector are Fig. 3 .1. Kinematics structure of the robot "Katharina".
If the external torque is equal to zero, then the three scalar equations obtained with torque equation (3.2) can be used to define the coordinates of a point of applied external force . To determine the main force and the torque in the coordinate system connected with the center of the body, the force reaction from axes and the linear displacement must be transformed to axes OX 1 X 2 X 3 .
Assembly operation by body displacement: Tube-in-hole insertion
An assembly task is demonstrated here by inserting a tube with a diameter d 0 into a funnelshaped hole of an external object, the position of which is unknown (Fig.3.2) . A force sensor rigidly connects the tube to the body of a hexapod vehicle. Its axial direction is parallel to the OX 1 axis, which is rigidly related to the body and its origin in the body's center. The external object's surface is a funnel-shaped hole with a diameter d > d 0 . The task was studied using the linear motion of the robot's body and a method based on measuring the reaction force components generated by contact between the tube and the funnel-shaped surface. The body of the robot is moved in such a way that the reaction forces are minimized. The tube moves toward the hole and touches the inside of the funnel. The force components are measured during this motion. In this approach, force vector components are measured by establishing contact between the tube end and the funnel-shaped surface, maintaining a constant contact force equal to the programmed value and moving the robot's body with the tube in the direction of the hole. Two modes of force control have been investigated: independent translational body motions and the superposition of body motions. The elements of the accommodation matrix are adjusted so that they are large for movement's perpendicular to the hole and small for movements along the tube axis.
An algorithm with accommodation of independent motions
Components of the body's velocity vector were calculated conforming to the expression , where is the measured value of contact force between the tube end and funnel-shaped surface and is the commanded force. This algorithm transforms the motion of the body into three independent translational motions. The experiments have demonstrated that a loss of contact can occur between the tube and the surface of the funnel-shaped hole. In the force reaction measurements, this phenomenon is observed as sudden changes of the force components, in particular changes of the longitudinal force component. 
An algorithm with accommodation and superposition of motions
This approach employed the control law as a superposition of two basic motions, i.e. motion normal and tangential to the funnel-shaped surface. A constraint was also added to the effect that the motion along a normal should maintain a constant force contact between the tube and the funnel surface. Accordingly, the programmed value of the tube velocity may be represented as the sum of the two components according to equation (1.18). To utilize the control system described in section 4, the value of the force F n as well as and which describe the direction of the body with the tube displacements must be evaluated. To determine F n , , and , let us assume the longitudinal axis of the tube and the hole are collinear and that the tube moves over the funnel shape without friction. Under the assumptions made, values F n and can be evaluated with the help of the force sensor as in (Lensky et al., 1986; Gorinevsky et al., 1997) . Coefficients and F PX have been selected experimentally:
The results revealed that, in the case of the second control law, tube movement along the funnelshaped hole was more even and smooth. Contact was not lost between the tube and the funnelshaped surface. Some characteristic stages can be distinguished in the graph: The motion of the tube as it comes into contact with the funnel-shaped surface, the motion of the tube along this surface toward the hole and finally the insertion of the tube into the hole. After contact occurred between the tube's end and the surface, a force resulted and the program controlled the body's motion Contact was established between the tube and. the funnelshape with a normal force F n and the tube was moved along the conical surface. As the tube began to move into the hole, the value of the longitudinal force component F x decreased to zero. This was the signal to switch to accommodation control based on (1.18).
Implementation of body motion control for a rotating a handle
Let us consider a task of rotating a handle with a rod mounted with a force sensor on the body. Tasks similar to rotating a handle or steering a wheel by means of a manipulator were studied, e.g. in (De Schutter, 1986; Gorinevsky et al., 1997) .
In our experiments, the force sensor is attached to the end of the manipulator arm fixture on the body of the legged robot. The other end of the sensor is connected to the tube that comes in contact with the handle. In this task, only two body translation degrees of freedom are used to control the motion of the handle and the manipulator is used as a bearing structure to which the tube is attached. The position of the tube tip inserted in the grip of the handle is restricted to the circumference. Rotating the handle requires moving the body (together with the tube) along the circumference. In doing so, each point of the mast should move along a curve closely approximating a circle. We assume that the position of the circle's center and radius are not known a priori. Therefore, to avoid a loss of contact between the tube and grip of the handle, the commanded force F p of contact with the object (see 1.18) must be positive. For the problem considered here, the constraint is binding (bilateral). Hence, using the same control expression (4.18) to solve this problem, we can take F P =0: In the preceding equation, V p =(V XP , V Y P is a commanded velocity vector for the body together with the tube motion, and are vectors of normal and tangent to the constraint (circle), F n is the projection of the force applied to the sensor onto the normal is the commanded velocity of the handle rotation (contouring velocity) and g > 0 is a constant gain. The direction of rotation is determined by the direction of the vector and sign of v. The normal in (3.3) can be chosen as a vector directed either away from or toward the center of the handle. If the friction in the handle axis and handle mass are negligible, then the force the handle exerts on the sensor is always in a direction tangent to the radius. Measuring the vector of this force determines the vector of normal and thus the vector of tangent . Then we can rewrite (3.3) as follows:
When the force of resistance to handle rotation is nonzero but not too large, (3.4) may also be used. If the load resistance of handle rotation is large, then (3.3) should be used to calculate the accommodated velocity vector. A priori information about friction in the handle axis may be used to calculate the vectors of normal and tangent to the constraint. The position sensors in the legs can also be used to determine these vectors. As the handle rotates, each point of the tube moves together with the body along a curve closely approximating a circle. By measuring consecutive positions of the tube, a secant to the curve can be determined to build vectors close t o and . The vectors of normal and tangent should be given at the start of the motion. The control laws presented were successfully applied in the experiments. The experimental scheme is shown in Fig. 3 .5a (start position) and Fig. 3 .5 b (rotation of handle).
Drilling operation
Another task was body motion for drilling operations. Using the body together with a drill as a working device requires controlling body movement in such a way that the longitudinal axis of the drill is collinear to the normal direction of a part's surface. Fig. 3 .6a and 3.6b illustrate the initial and end positions of robot body orientation when drilling.
At first, the robot moves parallel to the OX axis to come in contact with the surface. The moment of contact is taken from the force sensor data. The body's displacement X 1 and clearance H 1 are evaluated at this moment. The change in the coordinates of the supporting leg ends describe the displacement. Next, the body changes its clearance to H 2 through plane-parallel movements. Later, the body again moves in the axis OX. The body's displacement X 2 is evaluated at the moment of contact. The angle of the slope of the working surface in relation to the O 1 X 1 Z 1 plane (angle of relation around O 1 Y 1 ) is provided by: The inclination sensor measures the actual tangential deviation θ of the body during its movement. When is smaller than the given value ∆, the movement of the body is stopped. The tool then moves to touch the working surface. The direction of motion is parallel to the axis. The program controls the value of the force during contact. The program starts the drilling operation after initial contact. In drilling operations, the pressing force determines the cutting force, which has to be controlled. The cutting force has to be constant in the direction of normal force F N at all times. This force has to be close to F PX . To prevent jams and tool breakage, the control system can compensate for the lateral components of interaction forces that arise during the drilling operation. Force control of the body for technological operations has been developed and experimentally tested. Control of a moving body can be solved in terms of the force and torque vectors acting on the drill. If it is assumed that the commanded vectors and of the body depend on the force and torque expressed as:
where F X , F Y , F Z force components are measured by the force sensor, k X , k Y , k Z is the feedback gain and R is a constant describing the distance between the coordinate frame and drill end, then the vehicle body will move in a specified direction. The accuracy of the preceding control algorithm cannot be expected to be very high because of the contact friction between the drill end and the working surface. To improve this situation a more effective algorithm was elaborated based on:
• Measuring several position points on the working surface, • Evaluating the slope angle of this surface in relation to the fixed coordinate frame and the angles (pitch and course) of the vehicle body at the first point of contact between the drill and the working surface. The longitudinal displacement of a drill and the reaction to force components during drilling experiments are plotted in Fig. 3 .8. However, the experiments also demonstrated that sustained oscillations arise in the mechanical system whenever force feedback gains are large or force sensor stiffness is high and the feedback loop has a time delay. A simplified mathematical model of translation motion of the manipulator together with the drill maintaining contact with a rigid object (wooden plate) is described in (Schneider et al., 2004) . This model was used to derive the stability criteria of the "'drill-manipulator"', system for the legged robot.
